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ABSTRACT: The growing use of hydrogen−deuterium exchange
mass spectrometry (HDX-MS) for studying membrane proteins,
large protein assemblies, and highly disulfide-bonded species is
often challenged by the presence in the sample of large amounts of
lipids, protein ligands, and/or highly ionizable reducing agents.
Here, we describe how a short size-exclusion chromatography
(SEC) column can be integrated with a conventional temperature-
controlled HDX-MS setup to achieve fast and online removal of
unwanted species from the HDX sample prior to chromatographic separation and MS analysis. Dual-mode valves permit labeled
proteins eluting after SEC to be directed to the proteolytic and chromatographic columns, while unwanted sample components are
led to waste. The SEC-coupled HDX-MS method allows analyses to be completed with lower or similar back-exchange compared to
conventional experiments. We demonstrate the suitability of the method for the analysis of challenging protein samples, achieving
efficient online removal of lipid components from protein−lipid systems, depletion of an antibody from an antigen during epitope
mapping, and elimination of MS interfering compounds such as tris(2-carboxyethyl)phosphine (TCEP) during HDX-MS analysis of
a disulfide-bonded protein. The implementation of the short SEC column to the conventional HDX-MS setup is straightforward and
could be of significant general utility during the HDX-MS analysis of complex protein states.

Hydrogen−deuterium exchange coupled to mass spec-
trometry (HDX-MS) has emerged as a powerful and

versatile tool for studying the conformational dynamics and
interactions of proteins in solution.1,2 The HDX rate of an
amide in a folded protein depends primarily on the stability of
the local hydrogen bonding network and the ability of the
amide to hydrogen bond with the solvent.3,4 The conventional
HDX-MS workflow entails to quench the deuterium-labeling
reaction at selected time points by decreasing the pH to 2.5
and the temperature to 0 °C, and to perform liquid
chromatography (LC) coupled to MS to measure the
deuterium incorporation.4 The analysis can be conducted at
the intact protein level (global analysis), or at the peptide level
(local analysis), by digesting the protein prior to LC−MS using
an acid-stable protease, such as pepsin.5 The versatility of the
technique allows the analysis of a wide size range of proteins,
even at low concentrations, in virtually any buffer, and can
provide insights into protein dynamics under native conditions,
where traditional methods for structural investigation can be of
limited use.6 However, the HDX-MS analysis of large
multiprotein complexes, membrane proteins, highly disulfide-
bonded species, and heavily glycosylated species still
constitutes a challenge.7 The HDX-MS analysis of membrane
proteins is complicated by the presence in the sample of large
amounts of lipids, which impair the LC−MS analysis. The
depletion of phospholipids can be performed at quench

conditions using zirconium (ZnO2) beads
8−10 or, alternatively,

via trichloroacetic acid (TCA) precipitation,11 although both
methods are laborious and time-consuming. The HDX-MS
characterization of disulfide-bonded proteins requires reduc-
tion of thiol-thiol covalent bonds prior to enzymatic cleavage
and LC−MS analysis.7 Despite the introduction of the on-line
electrochemical reduction,12−14 the addition of the reducing
agent tris(2-carboxyethyl)phosphine (TCEP) in the quench
buffer still remains as the most used approach to reduce
disulfide bonds, even though it causes a disadvantageous
deterioration of the LC−MS analysis.12,15 Local and global
HDX-MS analysis of proteins in a complex protein mixture is
challenged by the fact that multiple species (peptides or
proteins) coelute over the short chromatographic gradient,
leading to a loss of sensitivity in detecting the target species.
Despite the introduction of ion mobility16 and the develop-
ment of several approaches to immobilize or remove nontarget
species prior to LC−MS analysis,17−20 HDX-MS systems are
still not particularly well-adapted for the analysis of large or
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multiprotein complexes.7 Overall, such complex protein states
demand additional and time-consuming manual sample
treatment steps as part of the HDX-MS workflow,7 which
often lead to an increased loss of deuterium label (back-
exchange, BE). BE is a key factor to minimize as it decreases
the sensitivity of the HDX-MS experiment to distinguish
differences in HDX between different protein states. Size-
exclusion chromatography (SEC) is a well-established
technique that allows the separation of proteins according to
their hydrodynamic radius because of their differential
penetration into a stationary phase of varied pore sizes.21 In
a typical SEC experiments, a protein mixture is loaded onto the
column. Proteins of small hydrodynamic radius penetrate
through most pores of the column stationary phase, resulting
in relatively long elution times. Conversely, proteins of larger
hydrodynamic radius can only enter large pores; hence, they
are eluted faster.22,23 Thus, the size-exclusion effect is exploited
to achieve the separation of analytes within a certain
hydrodynamic size range, which is defined by the character-
istics of the stationary phase. As SEC is typically performed
under native-like conditions in buffers at physiological pH and
salt concentration, coupling to MS detection can pose a
challenge.24 Despite this, SEC has been coupled to MS in
several protein analytical workflows,25−34 including the analysis
of protein HDX. For instance, a SEC column has been used in
place of a reversed-phase column to improve the separation of
deuterated intact proteins under quench conditions.35 In other
studies, SEC has been used to allow on-column hydrogen-to-
deuterium or deuterium-to-hydrogen exchange under different
temperatures, pressures, or pH conditions, prior to MS
analysis.36−39 Here, we have investigated the integration of
SEC into the classical bottom-up HDX-MS workflow to allow
efficient on-line sample clean-up or enrichment of target
proteins under quench conditions, prior to the reversed-phase
separation and MS analysis. By placing a short SEC column in
a conventional commercially available HDX-MS setup, we
added a second dimension of separation based on size
exclusion. The platform was optimized for minimizing protein
adsorption to the stationary phase of the SEC column and for
yielding minimal BE. As the SEC separation was performed
within few minutes at low pH and temperature using a small
column, we performed a systematic investigation of the
separation of both small molecule sample components,
including lipids, and proteins of a range of molecular weights.
Using model proteins, we demonstrate the suitability of the
developed SEC−HDX-MS setup for overcoming several
analytical challenges posed by the study of complex protein
samples, including (1) the removal of lipids from protein−lipid
systems, (2) rapid desalting of proteins in a complex matrix,
(3) the depletion of an antibody from a target antigen in a
typical epitope mapping experiment, and (4) the elimination of
the highly ionizable LC−MS interfering compound TCEP
from fully reduced highly disulfide-bonded proteins.

■ MATERIALS AND METHODS
Proteins and Peptides. All proteins and peptides were

purchased from Sigma-Aldrich, except NadA (24-350), fHbp,
and anti-fHbp mAb, which were produced as detailed
elsewhere.40,41

Bottom-Up/Peptide Mapping Analysis. Samples were
injected into a refrigerated ultraperformance liquid chromatog-
raphy (UPLC) system (NanoAcquity, Waters, Milford, MA)
with all chromatographic elements maintained at 0 °C.

Depending on the experiment, the SEC column (BEH SEC
guard column, 125 Å, 1.7 μm, 4.6 mm × 30 mm, 1−80 K,
Waters, Milford, MA) and the external Rheodyne valve
(sample injector 7725, Thermo Scientific) were also installed
in the setup. The protein passed through an in-house packed
column containing pepsin immobilized on agarose resin beads
(Thermo Scientific) at 20 °C. The generated peptides were
trapped on a Vanguard column (BEH C18, 130 Å, 1.7 μm, 2.1
mm × 5 mm; Waters) and desalted with solvent A (0.23%
formic acid, pH 2.5) at 150 or 200 μL/min, depending on the
experiment. Subsequently, the peptides were separated over an
Acquity UPLC column (BEH C18, 130 Å, 1.7 μm, 1.0 mm ×
100 mm; Waters) protected by a VanGuard column, with a 9-
min linear gradient increasing from 8 to 40% of solvent B
(0.23% formic acid in acetonitrile, pH 2.5) at 40 μL/min.
Following the chromatographic separation, the peptides were
analyzed using a hybrid electrospray ionization quadrupole
time-of-flight (ESI-Q-TOF) mass spectrometer (Synapt G2-Si,
Waters, Milford, MA). The mass spectrometer was set in
positive ionization mode, and the ions were further separated
by ion mobility for enhanced peak capacity. The MS spectra
were acquired in the range from 50 to 2000 m/z, performing a
scan every 0.5 s. Human Glu-fibrinopeptide (Sigma-Aldrich, St.
Louis, MO) served as a continuous (lock-spray) calibration
standard. LC−MS settings of every experiment are detailed in
tables (Supporting Information). Peptide identification of
NadA (NadA24−350) and bovine serum albumin (BSA) was
carried out by tandem mass spectrometry in MSE mode,
followed by data processing with ProteinLynx Global Service
3.0 and DynamX 3.0 (Waters, Milford, MA).

Intact Mass Analysis. Samples were injected into the
UPLC system, and depending on the experiment, the SEC
column and the external Rheodyne valve were also used.
Protein or lipid samples were subjected to desalting with
solvent A at 200 or 150 μL/min and for various trapping times,
depending on the experiment. Proteins were then separated by
reverse-phase chromatography over linear gradients with
increasing concentrations of solvent B. Species were analyzed
using a hybrid ESI-Q-TOF mass spectrometer (Synapt G2-Si
or G2, Waters, Milford, MA). The LC−MS settings of each
experiment are detailed in tables (Supporting Information).

Estimation of Protein Recovery. For the bottom-up
analysis, NadA recovery was estimated by averaging the signal
intensities of identified peptides, and the calculated values were
expressed as % of a reference. Analogously, for protein intact
mass analysis, the signal intensities of the species at different
charge states were averaged, and the value was expressed as %
of a reference.

BE Evaluation. Angiotensin II (10 pmol) (DRVYIHPF)
and Bradykinin (10 pmol) (RPPGFSPFR) were incubated in
deuterated phosphate buffered saline (PBS) (94.24% D2O
content in the final reaction mixture) for 30 min at room
temperature to achieve maximal deuteration. The exchange
was quenched by adding 1:1 (vol/vol) ice-cold phosphate
buffer with 6 M urea (final pHread 2.3). Six replicates were
prepared and injected into the refrigerated UPLC system, with
all chromatographic elements maintained at 0 °C, modified or
not with the SEC column. The pepsin column was not
mounted, but the enzymatic column compartment temperature
was anyway set at 20 °C. The auxiliary solvent manager (ASM)
flow rate was set at 150 μL/min and desalting time at 4 min
(with SEC) or 3 min (without SEC). Peptides were separated
over a gradient increasing from 8 to 40% of B in 9 min. The
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mass spectrometer was set in positive ionization mode.
DynamX 3.0 was used to calculate the deuterium contents.
To calculate the BE, the following equation was applied (eq 1):

= −
×

×
i
k
jjjjj

y
{
zzzzz

D
N D

BE(%) 1 100max

frac (1)

where Dmax is the deuterium content of the peptides, N is the
number of exchangeable backbone amides of the peptides
(calculated as number of amino acids − number of prolines −
1), and Dfrac is the fraction of deuterium in the labeling buffer.
Preparation of the Outer Membrane Vesicles. E. coli

BL21 was plated in Luria−Bertani (LB) agar with ampicillin
(100 μg/mL) and grown overnight. Bacteria were recovered,
resuspended in LB broth, and grown over day at 37 °C, with
shaking at 180 rpm. The optical density (OD) was measured,
and a volume of bacterial culture corresponding to 0.05 OD
was inoculated in flasks of 50 mL of human trabecular
meshwork cell (HTMC) media, added with ampicillin (100
μg/mL). The bacterial culture was incubated again for 3 h with
shaking at 160 rpm and then centrifuged at 1370 g for 30 min
at 4 °C. The recovered culture medium, containing outer
membrane vesicles (OMVs), was filtered through a 0.22 μm
pore size filter and subjected to ultracentrifugation (200,000g
for 120 min at 4 °C). The pellet, containing the OMVs, was
resuspended in PBS and stored at −20 °C until LC−MS
analysis. The concentration of protein in the OMV sample was
measured with Lowry protein assay. The amount of lipids
present in the OMVs analyzed was estimated based on the
weight/weight lipid: protein ratio (LPR). The LPR of E. coli
OMVs is estimated to be between 0.2,42 0.4,43 and 944

according to the strain analyzed and the method of
measurement. As we preferred an underestimation to an
overestimation of the OMV lipid content, we considered an
LPR of 0.4.

■ RESULTS AND DISCUSSION
SEC−HDX-MS Setup. The HDX-MS apparatus used was a

commercially available UPLC-HDX system. The HDX
chamber (held at 0 °C) was equipped with the two standard
six-port valves (named injection valve and trap valve) that
control the sample injection/digestion and the peptide
trapping/chromatographic separation, respectively. To inte-
grate SEC, we choose an ultralow volume SEC guard column
(4.6 mm internal diameter × 30 mm length, pore size 125 Å,
Waters, Milford, MA) based on ethylene bridged hybrid
(BEH) particle technology with diol-bonded surface chemistry,
designed specifically for UPLC applications.45 This short SEC
column allows separation in the 1−80 kDa range,46 which is
compatible for the separation of most proteins. The stationary
phase tolerates a wide pH range,46 allowing the use of mobile
phases that ensure quench conditions (pH 2.5). We used the
solvent (0.23% formic acid), delivered by the ASM pump, as
the SEC running buffer. We developed two different
configurations (1 and 2) of the SEC−HDX-MS setup. In
both cases, the SEC column was placed inside the temperature-
controlled chamber of the HDX-MS system either before or
after the pepsin column (Figure 1). In configuration 1, which
allowed the separation of a target protein from unwanted
components prior to proteolytic cleavage, the SEC column was
connected to the injection valve before the pepsin column. A
dual-mode Rheodyne valve, placed externally after the SEC,
was manually operated to direct analytes eluting from the SEC

either to the pepsin column or to a waste compartment. In
configuration 2, which allowed the separation of small buffer
compounds from a proteolyzed target protein, the SEC column
was installed after the pepsin column and connected to the
trapping valve. The automated switch of the trapping valve,
from the trapping to the analytical configuration, led SEC-
separated analytes either to the trap column for subsequent
LC−MS analysis or to the waste. During method development
and optimization, SEC elution times of analytes were
determined by time-controlled switches of the external valve
(configuration 1) or by modulating the trapping time
(configuration 2), followed by LC−MS analysis. The
developed SEC−HDX-MS configurations allow the removal
or depletion of unwanted species to minimize I) their
interference with the digestion of the target protein and/or
II) deterioration of chromatographic performance and/or III)
their coelution with peptides of the target protein to avoid ion
suppression. Both configurations also enable an on-line
selective cleaning of the SEC column after each protein
sample injection (Supporting Information). Of note, for global
HDX-MS analysis, the pepsin column was simply removed,
and both configurations 1 and 2 could be enabled.

Development of the SEC−HDX-MS Platform. Screen-
ing of Quench Buffer Additives. Preliminary experiments
highlighted a certain degree of unspecific binding of proteins to
the SEC stationary phase (Figure S1). In standard SEC
experiments, adjustments of pH or the addition of salts to the
mobile phase are the primary means for reducing electrostatic
and ionic interactions between the analytes and the SEC
stationary phase, while organic modifiers are often added to
minimize hydrophobic interactions.47 In our SEC−HDX-MS
setup, we are limited in the choice of the SEC running buffer,
as this has to maintain quench conditions (pH 2.5) as well as
be compatible with the activity of proteolytic enzymes and

Figure 1. Schematic illustrations of the two SEC−HDX-MS
configurations for bottom-up analysis. (A) Configuration 1: the
external valve is manually operated to lead the SEC eluate to waste or
to the pepsin column. (B) Configuration 2: the automated switch of
the trap valve directs the analytes eluted from the SEC into the trap
column or to waste.
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suitable for desalting. Therefore, we selected 0.23% formic acid
(common solvent for HDX-MS) as the running buffer and
modified the composition of a default 300 mM phosphate
buffer, used to quench the exchange reaction, with various
concentrations of chaotropic agents or salts (urea, Gnd-HCl,
and NaCl). The quench buffer was added to the protein
sample at a ratio 1:1 (vol/vol). Recovery was evaluated for
various proteins both at intact and peptide levels, as well as in
both configurations. Ubiquitin was analyzed with the SEC−
HDX-MS system adapted for global HDX-MS analysis
(without pepsin column), and recovery was estimated by
comparison to a non-SEC analysis of the protein solubilized in
phosphate buffer. Ubiquitin showed particularly strong
unspecific binding to the SEC stationary phase if no additive
was added to the quench buffer (only 8% of the protein could
be recovered). However, recovery could be improved to
approximately 40% with quench buffers containing 2 M urea or
1 M NaCl (Figure 2A and Table S1). The recovery of other

proteins/peptides (an IgG1 monoclonal antibody, the protein
Neisseria adhesin A (NadA), and the peptide Angiotensin II)
upon the addition of the urea buffer was also assessed, yielding
87−100% recovery (Table S2). To assess SEC recovery at the
peptide level, NadA was used as a model protein (Figure 2B).
In configuration 1, to abolish the impact of the different buffers
on the protein digestion, recoveries were calculated by
comparing NadA peptide intensities obtained with or without
the SEC column mounted. The experiments yielded 48%
recovery with the default 300 mM phosphate buffer, 72% with
the quench buffer with 4 M Gnd-HCl, and 106% with the
quench buffer containing 6 M urea (Figure 2B and Table S3).
The presence of residual protein bound to the SEC (carryover)
was investigated by analyzing the SEC eluate after injecting a
urea solution (1:1 PBS: 6 M urea in 300 mM phosphate
buffer) successively to the protein sample. This procedure

confirmed that a considerable amount of NadA (approximately
50%) remained in the device when 300 mM phosphate buffer
was used (Table S3). To assess the peptide recovery of the
SEC in configuration 2, NadA was predigested off-line, and the
resulting peptic peptides were resuspended in the quench
buffer and subsequently analyzed without pepsin column
implemented. We followed this procedure to differentiate the
impact of chaotropic agents on the proteolytic cleavage from
that on the peptide recovery through SEC. Considering the
recovery in the urea buffer as 100%, the default phosphate
buffer and the buffer containing Gnd-HCl yielded 93 and 82%
recovery, respectively (Figure 2B and Table S4). Taken
together, these data indicate that the addition of urea to the
quench buffer generally maximizes the recovery of both
proteins and peptides and that the beneficial effect of urea does
not appear protein-dependent. However, the SEC−HDX-MS
setup allows higher versatility in the choice of quench buffer
when configuration 2 is used for local HDX-MS experiments.
As peptides present less unspecific binding to SEC, chaotropic
agents are less strictly required in this configuration.

Trapping Time Optimization. In configuration 2 of the
SEC−HDX-MS setup, the optimal trapping time will depend
on the elution time of the mixture of peptic peptides across the
SEC column and the time it takes to reach the downstream
trap column. The trapping time is therefore largely
independent from the protein under study, as efficient online
pepsin digestion of most proteins will produce a peptide
population of similar size diversity. With the aim to establish
the optimal trapping time for peptides in configuration 2,
NadA was analyzed by SEC−HDX-MS at different trapping
times (Figure 2C, Figure S6 and Table S5). Peptide recovery
was compared to an analysis of the same sample using the
same setup without the SEC column (3 min trapping at 200
μL/min). When SEC was installed, the pump flow rate was set
at 150 μL/min to prevent high backpressure on the self-packed
pepsin column and ensure optimal digestion activity. The ASM
pump pressure during trapping was always recorded at 2800−
2900 psi. Our data show that, in the SEC analysis, most
peptides were eluted onto the trap column before 2.4 min.
Interestingly, in the SEC−HDX-MS setup, SEC also showed a
capacity for desalting (see the Rapid Removal of LC−MS
Interfering Compounds section and Figure S9), as salts eluted
from the SEC column with a larger volume than peptides and
proteins. Because of the desalting capacity of the SEC, the 2.4
min optimal trapping time yielded higher average peptide
signal intensities compared to the standard 3 min trapping in a
non-SEC analysis, whereas after 2.4 min, peptide signals
started to decrease, as the chaotropic agent urea started to
elute. An inherent advantage of using configuration 2 is that a
shortened trapping time should also limit the BE of deuterium-
labeled samples. To note, the SEC elution times presented in
this work were optimized on a UPLC system equipped with
commercial capillaries and home-made peak tubing. As system-
to-system differences are conceivable, we recommend in-house
optimization of trapping times.

Characterization of Protein Elution Profiles. We aimed at
characterizing the elution profile of intact proteins in the size
range 1−150 kDa using the SEC−HDX-MS setup in
configuration 1 (without pepsin column) and manually
performing time-controlled off−on switches of the external
valve. By measuring the intact protein signal intensities, we
assessed the amount of protein recovered at selected time
intervals. We analyzed angiotensin II (1 kDa), ubiquitin (8.5

Figure 2. Optimizing the use of the SEC−HDX-MS setup. (A)
Recovery of ubiquitin (intact species) solubilized in different buffers
and analyzed with configuration 2. (B) Recovery of NadA (peptide
level) solubilized in different buffers and analyzed with configuration
1 or 2. (C) Recovery of NadA in 6 M urea in 300 mM phosphate
buffer and analyzed at the peptide level with configuration 2, at
selected trapping times. (D) Characterization of the protein elution
profile of various intact species analyzed with configuration 1, rotating
the manual external valve.
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kDa), carbonic anhydrase (29 kDa), bovine serum albumin
(BSA, 66 kDa), NadA (104 kDa), and an anti-factor H binding
protein (fHbp) monoclonal antibody (153 kDa), solubilized in
a quench buffer containing urea, using an ASM pump with a
flow rate of 150 μL/min (Figure 2D, S2 and S3, Table S6 and
S7). Our analysis showed that all species elute fast, in the range
of 0−2.75 min at the applied flow rate, allowing the
implementation of SEC for HDX-MS applications. Additional
comments to this experiment are included in the Supporting
Information (Exploring Strategies for Protein Separation, and
Figure S4 and S5).
Measuring BE during SEC−HDX-MS. To assess the BE

during the SEC−HDX-MS workflow, fully labeled angiotensin
II and bradykinin samples were subjected to SEC−HDX-MS
analysis with a prolonged trapping time (4 min). The BE of
this SEC−HDX-MS method was only slightly increased
(approximately +6%) compared to a standard non-SEC
analysis with 3 min trapping (Table 1 and Table S10).
While a reduction in BE would occur in configuration 2 if
shorter trapping times are employed (<3 min), SEC−HDX-
MS analysis in configuration 1 could oppositely require longer
trapping times (>3 min) to optimize SEC separation, which in
turn would modestly increase the BE.
Examples of Applications of SEC−HDX-MS. Delipida-

tion. A major challenge to the HDX-MS analysis of membrane
proteins is the presence of large amounts of phospholipids in
the quenched sample. As large amounts of lipids bind to the
reversed-phase stationary phase, they impair chromatographic
separation8,48 and when coeluting with the target species, they
cause ion suppression.49 Thus, we explored the use of the
SEC−HDX-MS setup to remove lipids from quenched
samples. Surprisingly, initial experiments revealed that lipids
were retained on the SEC column by binding strongly with the
stationary phase of the SEC column, whereas proteins could
still be eluted. For samples containing phosphatidylcholine
(POPC) alone (15 pmol) and a mixture of POPC and
ubiquitin (45 and 15 pmol, respectively), we observed
complete removal of all lipids and, in the case of the mixed
sample, the selective elution of ubiquitin (Figures S12 and
S13). We next tested the ability of the SEC to remove a
complex variety of lipid components, exemplified by those
present in bacterial OMVs. OMVs are vesicular buds released
from the outer membrane of Gram-negative bacteria, which
contain a mixture of lipids, lipopolysaccharides, membrane
proteins, and the content of the bacterial periplasm.50 OMVs
from E. coli containing approximately 0.8 μg of lipids were
mixed with ubiquitin (15 pmol) and subjected to SEC−HDX-
MS analysis (configuration 2). The analysis revealed a near-
complete delipidation of samples (99.5% of lipid removal,
Table S11, Figures 3 and S14), thus facilitating the selective
mass analysis of ubiquitin without contaminating the reversed-
phase column and the MS ion source. Control experiments
performed without SEC showed that partial separation of
ubiquitin and lipids could be achieved; however, the presence

of such large amounts of lipids on the reversed-phase column
will strongly impair chromatography and MS performance in
subsequent runs. We assessed the delipidation capability of the
SEC column by injecting increasing amounts of OMVs,
containing 1.2, 2.4, and 4.8 μg of lipids, solubilized in urea
buffer, achieving a lipid removal of 85% on average (Table
S11). Although lipids are retained inside the SEC, we observed
that the lipid-binding capacity of the SEC column decreased
from 84% to approximately 50% after injections of a large
amount of lipids, equal to approximately 68 μg of OMV lipids.
In a further control experiment, we saw that lipid depletion via
the HDX−SEC-MS setup was minimally less efficient (−6%)
compared to that using a recent protocol involving TCA
precipitation11 (delipidation efficiency at 89%, Table S11).
Importantly, however, SEC-based lipid depletion can be
performed on-line and in a faster and automated manner.
Next, we employed the SEC−HDX-MS setup (configuration
2) for local HDX-MS analysis of an integral membrane
protein; NadA in its native state when embedded in OMVs. In
the OMV sample employed, NadA monomer was measured by
label-free proteomics at 8.8% of the total protein content.
Despite analysis of such a complex protein−lipid sample, we
were able to track the HDX of 36 peptides, achieving 73% of

Table 1. BE of the SEC−HDX-MS Methoda

method peptide deuterium uptake (Da) uptake SD average uptake (Da) BE

standard HDX-MS (3 min trapping) angiotensin II 3.67; 3.65; 3.56 0.0570 3.63 36%
bradykinin 3.73; 3.71; 3.67 0.0256 3.70 21%

SEC−HDX-MS (4 min trapping) angiotensin II 3.44; 3.38; 3.38 0.0400 3.40 40%
bradykinin 3.42; 3.36; 3.35 0.0312 3.38 28%

aDeuterium contents of the model peptides measured using the standard HDX-MS method and the SEC−HDX-MS method (N = 3).

Figure 3. Lipid removal using the SEC−HDX-MS setup. (A) SEC−
HDX-MS setup enables the selective removal of OMV lipids and
analysis of ubiquitin. (B) Standard non-SEC analysis lets the OMV
lipids to elute in bulk. From bottom to top: total ion chromatogram
(TIC) of the protein-lipids mixture; extracted ion chromatogram
(EIC) of ubiquitin; EIC of the most abundant OMV lipid. Mass
spectra are shown in Figure S14.
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effective sequence coverage (Figure S15). A detailed analysis of
the HDX of NadA in its OMV-embedded state will be detailed
elsewhere (to be published). Overall, we envision that the
integration of SEC into HDX-MS workflows could greatly
facilitate the analysis of membrane proteins in their complex
native state. The use of HDX-MS to study membrane proteins
is an expanding and exciting application area that could benefit
from a simple robust online workflow for a more routine
use.7,51

Rapid Removal of LC−MS Interfering Compounds. HDX-
MS is often used for the analysis of proteins in complex
matrices, for instance, to assess the stability of biopharma-
ceuticals in formulation containing excipients and/or addi-
tives.52 However, these matrices may contain highly ionizable
small compounds that interfere with the LC−MS analysis,
leading to ion chromatograms dominated by ion clusters and
suppression of the signal of the target species. During SEC,
salts and small molecules are eluted at a large elution volume
significantly after most proteins.53 Using our setup, we
developed an online desalting procedure (Figure 4) both in

configuration 1 (separation of salts from intact proteins) and 2
(separation of salts from peptides) (see Desalting properties of
the SEC−HDX-MS platform in the Supporting Information and
Figures S5−S9). In configuration 1, to assess the advantages of
this SEC-based desalting, we performed an intact mass analysis
of the anti-fHbp mAb in a quench buffer containing urea. By
applying an on−off switch at 1.5 min (ASM pump flow rate at
200 μL/min), we achieved 3.7-fold increase in the protein
signal intensity compared to a non-SEC analysis (Figure S11)
(additional data are in the Supporting Information, Strategies
for protein separation). In configuration 2, the appropriate
trapping time for desalting was identified at 2.6 min at an ASM
flow rate of 150 μL/min (Figures S7 and S8). Although the
trapping time enabling desalting was brief, this does not appear
to cause a selective depletion of short peptides (7 < aa < 22) at
trapping times from 2.3−2.8 min (Figure S10). Thus, we
envision that the integration of SEC into a standard HDX-MS
setup can improve the desalting of complex matrices, including
detergents54 or other pharmaceutical additives.

Analysis of Disulfide-Bonded Proteins. Commonly, the
analysis of disulfide-bonded proteins requires the introduction
of the reducing agent TCEP in the quench buffer. Never-
theless, we and others in the fields (12, 15) have observed that
significant amounts of TCEP are often retained on the
reversed-phase columns and elute along the gradient, resulting
in a drastically reduced sensitivity of the analysis. Therefore,
the use of TCEP is generally limited to low amounts (∼0.1 M),
which can prevent full reduction of highly disulfide-bonded
proteins at quench conditions. We exploited the desalting
properties of the SEC−HDX-MS platform to remove TCEP
prior to LC−MS analysis (configuration 1, without the pepsin
column) by rotating the external valve on−off at 2.25 min
(ASM pump flow rate of 150 μL/min). Compared to a
standard non-SEC analysis, an average of 99% decrease in the
intensity of the TCEP MS signal was observed along the entire
gradient (Figure S16 and Table S13). This strategy was applied
to analyze the highly disulfide-bridged protein BSA, which has
17 disulfide bonds. Ice-cold quench buffer at 6 M urea and 0.4
M TCEP (final pH 2.5) in a ratio 1:1 (vol/vol) was added to
the BSA sample and this was immediately snap-frozen. SEC-
MS intact mass analysis showed that 8 out of 17 disulfide
bonds were reduced, but more importantly, the TCEP ion
signal was very significantly lowered to a level close to the limit
of detection (Figure S17). Next, the ability of the SEC−HDX-
MS setup to remove the highest possible concentrations of
TCEP (limited by solubility) was investigated. Ice-cold urea
buffers containing 1 and 1.5 M TCEP (pH 2.5) were added to
BSA (10 pmol) in a ratio of :1 (vol/vol), and the reduction
was allowed to proceed for 10 s once before freezing. Reduced
BSA was analyzed with the SEC−HDX-MS setup in
configuration 2 (with a pepsin column) and a trapping time
of 2.4 min (at 150 μL/min), after which time the SEC eluate
(that contains the later eluting TCEP) was led to waste.
Results were compared to those of a standard non-SEC
analysis of a similar BSA sample containing 0.1 M TCEP and
trapping for 3 min at 200 μL/min. TCEP at 0.1 M was chosen
for this non-SEC reference sample as higher concentrations
produced detector saturation and adverse effects on
chromatography. The signal of the TCEP ion in the SEC-
desalted samples containing 1 and 1.5 M TCEP was
comparable to that of the non-SEC analysis with 0.1 M
TCEP, indicating that approximately 95% of TCEP could be
efficiently removed prior to LC−MS analysis (Table S14).
Whereas few disulfide bridges were reduced in the reference
sample (only peptides for 5 of the 34 cysteines engaged in
disulfide bridges could be identified), peptides for 25 cysteines
engaged in disulfide bridges could be identified in the sample
with very high amounts of TCEP (Figure 5). These results
indicate that SEC−HDX-MS can constitute a useful approach
for improving the analysis of proteins that require reduction
using high amounts of TCEP in either top-down or bottom-up
HDX-MS.

Depletion of Large Protein Species.We aimed at exploiting
the separative properties of the SEC−HDX-MS setup to
deplete large undesired protein species present in an HDX-MS
sample, such as depleting the antibody from its smaller antigen.
To do so, we primarily used configuration 1 (without a pepsin
column) to establish the SEC elution profile of a mAb at a flow
rate of 150 μL/min (Table S7). We next mixed the mAb with
its smaller cognate antigen fHbp (29 kDa) at equimolar ratio
in urea-containing quench buffer, simulating a typical HDX-
MS epitope mapping experiment, and subjected the mixture to

Figure 4. Rapid desalting using the SEC−HDX-MS setup
(configuration 1). The MS of a single scan (6 min) is shown. Urea
clusters are framed in red. (A) Standard non-SEC analysis with
trapping for 3 min at 200 μL/min. (B) SEC analysis at 200 μL/min
and on−off switch at 1.75 min. (C) SEC analysis at 150 μL/min and
on−off switch at 2.33 min. Read-out of the TIC intensities at different
RT shown in Table S12 and TICs in Figure S6.
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SEC−HDX-MS analysis. By applying the off−on valve switch
time allowing antibody depletion, substantial mAb removal was
achieved, yielding a 5- or 8-fold depletion of the mAb signal (at
a switch time of 1.5 and 1.58 min, respectively), which in turn
yielded an antigen: antibody ratio advantageous for the
detection of the target antigen (3:1 and 4:1, respectively)
(Figures S18 and S19, Table S15). This simple SEC depletion
of a large protein ligand, which is often introduced in
stoichiometric excess in the HDX reaction to facilitate full
binding occupancy of the target receptor, should considerably
facilitate the local HDX-MS analyses of the target receptor by
limiting interference from unwanted peptides of the larger
ligand. In addition, this SEC−HDX-MS application could also
be of particular utility in global or top-down HDX-MS analyses
of a target protein in the presence of other proteins, provided
they are sufficiently distinct in size. In such analyses, reversed-
phase separation is often poor or entirely skipped, thus the
potential to use SEC to minimize signal overlap and ion
suppression would be of considerable utility.

■ CONCLUSIONS

Here, we describe the implementation of a short SEC column
onto a conventional commercially available UPLC-HDX
system and demonstrate the utility of this modification for
the analysis of complex protein samples. The SEC column is
commercially available, inexpensive, and straightforward to
implement. We present two different configurations, which
allow separation and mass analysis of protein species both at
the intact level (for global/top-down HDX-MS) and at the
peptide level (for local HDX-MS analysis), making the SEC−
HDX-MS setup highly versatile. In order to maximize the
benefits of the SEC, we advise that optimization of loading
volume, trapping time, and quench buffer should be performed
for the given HDX-MS system and the type of HDX sample.
We achieved optimal results using a setup with a 50 μL loading
volume (sample loop) and use of urea-containing quench
buffers. We demonstrate that the SEC-enabled setup is highly
compatible with routine HDX-MS analyses as BE was
comparable, or even improved, compared to that in conven-
tional HDX-MS setups. We further demonstrate distinct

advantages of the setup for diverse HDX-MS applications,
including the analysis of membrane proteins, highly disulfide-
bonded species, and mixtures of proteins. By SEC−HDX-MS
analysis of lipid-containing samples, we demonstrate that
efficient online delipidation can be performed under quench
conditions. For instance, by applying our SEC−HDX-MS
setup to analyze a low-expressed membrane-embedded protein
in a complex lipid vesicle sample, the HDX of 73% of the
sequence could be measured without contaminating the
downstream LC−MS components with lipids. The utility of
SEC−HDX-MS for the analysis of disulfide-bonded proteins is
demonstrated by the highly efficient online removal of very
high concentrations of the reducing agent TCEP from
quenched samples. The analysis of the highly disulfide-bonded
BSA under HDX-MS-compatible conditions enabled 87.5%
sequence coverage despite the use of 1.5 M TCEP to facilitate
reduction. The ability of the SEC−HDX-MS setup to rapidly
deplete multiple chemically distinct sample components can
also be envisaged, for instance, the depletion of both lipids and
TCEP to facilitate the HDX-MS analysis of a highly disulfide-
bonded membrane protein. Finally, we also show how the
separative properties of the SEC−HDX-MS setup can be used
to deplete large unwanted protein species from a sample,
exemplified by a significant depletion of an antibody in a
typical HDX-MS epitope-mapping experiment. Overall, we
envision that the versatile capability of the SEC−HDX-MS
setup for rapid online sample pretreatment could greatly help
make the HDX-MS analysis of proteins in complex samples
more routine.
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Figure 5. Map of peptic peptides of BSA suitable for HDX analysis using the SEC−HDX-MS setup (configuration 2). Peptides that do not span
cystines are indicated in gray; cystine-spanning peptides obtained only using a quench buffer containing 1.5 M TCEP (SEC analysis) are indicated
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